1. Introduction {#sec0005}
===============

Fish poses an important source of the animal protein worldwide as well as in Egypt. Globally, it represents about 17 % of protein intake as reported by FAO \[[@bib0005]\]. Similarly, in Egypt; fresh fish is a traditional diet and a cheap source of animal protein. Aquaculture industry is considered the fastest growing industry in some countries such as in African countries. Egypt has the largest aquaculture industry in Africa. Currently, Egypt is the tenth largest producer in the world and the second largest producer of tilapia after China \[[@bib0010]\]. The majority of the Egyptian fish production is obtained from aquaculture (77.4 %), while the remaining 22.6 % is obtained from the capture fisheries as reported by the Egyptian Ministry of Agriculture and Land Reclamation \[[@bib0015]\].

Nile Tilapia is a freshwater fish found to be one of the first species that have been cultured in the world and considered the most consumable fish in Egypt \[[@bib0020]\]. Tilapia represents about 65.2 % from the total fish production in Egypt in the year 2015 with 989,606 tons; about 88.47 % (875,513 tons) from them are produced from aquaculture while the other 11.53 % (114,093 tons) are obtained from the natural sources as reported in the statistics of fish production prepared by the General Authority for Fish Resources Development \[[@bib0015]\].

The production of Nile Tilapia in aquaculture systems such as intensive systems in tanks and cages are rapidly developed. These methods are characterized by high stockpile density and size, extensive use of formulated feed that contains antibiotics, antifungal, and other pharmaceutical preparations \[[@bib0025],[@bib0010]\]. Fish bacterial diseases are one of the most vital problems facing the aquaculture industry in Egypt \[[@bib0020]\]. Therefore, antibiotics can intentionally be added to aquaculture either as prophylactic or as therapeutic to control fish diseases. Also, there are un-intended routes of aquaculture contamination by antibiotics such as the application of chicken manure to aquacultures, to increase the plankton \[[@bib0030]\] and the usage of antibiotic-contaminated water supply in aquaculture. However, the misuse of antibiotics in aquaculture and food-producing animals can lead to the occurrence of high concentration of antibiotic residues or their metabolites in animal products \[[@bib0030], [@bib0035], [@bib0040]\] including fish \[[@bib0025]\]. These antimicrobial residues if present in concentrations above the established maximum residue limits, or if used without appropriate authorization based on scientific assessment of the benefit and risk of the treatment, can present a hazard in products from aquaculture \[[@bib0045]\]. In this regard, antibiotics, as hazardous materials, should be applied under the directions of professionals in farms to ensure their withdrawal to the safe limits \[[@bib0050]\]. Additionally, strict legislations should be implemented to minimize the misuse of antibiotics \[[@bib0055]\].

Tetracyclines (TCs) are the most widely used antibiotics to prevent or treat bacterial diseases and promoting growth in the farming animals \[[@bib0025]\]. Also, sulfonamides (SAs) and other antibiotics; such as penicillins and several iodophore, are the most common contaminating antibiotics in animal feed \[[@bib0025]\]. Darwish et al. \[[@bib0055]\] concluded that TCs are the most predominantly prescribed antibiotics in Africa. Monterio et al., \[[@bib0060]\] recorded the detection of antibiotics OTC, TC and FF in Nile tilapia muscles, and their presence was directly related to the control of bacterial disease in cage farms. Also, different types of antibiotics; chloramphenicol and nitrofuran, were detected in the captured Tilapia fish from the fresh water of the river Nile \[[@bib0065]\]. However, to our knowledge, in Egypt, there is a lack of studies focusing on the occurrence of SAs and TCs residues in Tilapia fish in order to assess the potential risk to public health through the consumption of Tilapia fish.

Therefore, the present research was designed: 1) to evaluate the compliance of the Egyptian Tilapia fish producers to the international guidelines of antibiotic application in aquacultures, 2) to study the resistance of SA's and TC's to common household thermal treatments for fish, and 3) to assess the potential risk to public health due to the aggregate exposure to the detected levels of SAs and TCs in Tilapia fish either thermally treated or not.

2. Materials and methods {#sec0010}
========================

2.1. Chemicals {#sec0015}
--------------

Chemicals, solvents and reagents were of analytical and HPLC grades. Solid phase extraction (SPE) cartridges (Oasis HLB SPE cartridge, 200 mg/6 mL) were obtained from Waters Oasis Co. (Milford, USA). Reference materials of antibiotics (sulfamethazine, sulfamethoxazole, sulfadimethoxine, tetracycline, oxytetracycline, and chlortetracycline) were purchased from Sigma-Aldrish Co (St Louis, MO, USA).

2.2. Sampling {#sec0020}
-------------

Forty-eight random samples of Nile Tilapia fish (*Orechromis niloticus*) (weight average: 200−250 g) were collected from various local markets that represent four Egyptian Governorates (Alexandria, Cairo, Giza, and El-Faiyum, which include more than 25 % of the Egyptian population). Every governorate was represented by 3 sites with 4 samples in each site. The selected sites for Cairo governorate were Helwan, Al-Maadi and Al--Shuruq, while Alexandria governorate included Al-Ajami, Al-Manshieh and Abu-Qir. Al-Omraniyah, Dokki and Atfih represented Giza governorate as well as Sinnures, Ibshway and Etsa were selected from El-Faiyum governorate. Samples were collected at the summer season of 2019. Samples were transferred from the market to the lab into an ice-box, then washed under tab water and subjected to the extraction process.

2.3. Extraction of SAs and TCs {#sec0025}
------------------------------

The extraction method was developed from two previous studies by Pleasance et al. \[[@bib0070]\] and Evaggelopoulou and Samanidou \[[@bib0075]\]. Five mL of TCA (10 %) was added to 10 *g* sample of minced fish muscles and homogenized for 1 min. Then 35 mL of citrate buffer (0.3 *M*, pH 4.0) was added to the mixture and homogenized for 5 min. The homogenized mixture was decanted into a 50 mL Falcon tube and centrifuged for 20 min at 5000 rpm. The sample residue was re-extracted using 35 mL acetone following the same procedures of the first extraction. Acetone extract was then poured on a 100 mL rotary flask prior to be evaporated, at 38 °C under vacuum, to dryness. The dried residue of acetone was well dissolved using the citrate buffer extract (∼30 mL) with the help of ultrasonic waves and transferred to a 150 mL separating funnel prior to be defatted by liquid/liquid extraction using n-hexane. One gram of NaCl and 30 mL n-hexane were added to the citrate buffer extract and the mixture was manually shaken for 1 min, then the mixture was left for few minutes for separation. The mixture of citrate buffer extract and n-hexane can be centrifuged (5000 rpm, 15 min.), to break the emulsion if existed. The citrate buffer extract was loaded onto the SPE cartridge (activated by 5 mL methanol HPLC grade + 5 mL HCl 0.5 N + 5 mL de-ionized water). The SPE was then washed using 5 mL methanol in water (5%) + 5 mL de-ionized water. After that, the SPE cartridge was air-dried under reduced pressure. The target extract was eluted using 10 mL of methanol HPLC grade which was evaporated at 38 °C to complete dryness. The dried residue was then dissolved in 500 μL of methanol (HPLC grade) and subjected to analysis by HPLC.

2.4. Determination of SAs and TCs {#sec0030}
---------------------------------

SAs and TCs were determined by HPLC-DAD following the method of Mostafa et al. \[[@bib0080]\]. Chromatographic separation was achieved using a reversed-phase C~18~ analytical column (150 × 4.6 mm i.d., Phenomenex®, 5 μm particle size). The separation was conducted using a gradient elution between 0.1 % formic acid in water (as mobile phase A) and acetonitrile (as mobile phase B). The separation program started with 90 % mobile phase A which was then gradient up to 80 % within 8 min, then gradually decreased to 60 % over 6 min and was then isocratically held for 8 min. Finally, the column was equilibrated by the initial mobile phase composition for 10 min before each analysis. The flow rate of mobile phase was adjusted at 1.2 mL/min during all phases of the gradient run. The column temperature was maintained at 25 °C and the injection volume was 20 μL. Quantitation was achieved with PDA detection at 280 and 365 (nm) for SAs and TCs, respectively.

2.5. Analytical method evaluation (in-house validation) {#sec0035}
-------------------------------------------------------

One hundred grams of fresh fish meat and free from antibiotics was spiked with antibiotics as 200 μg/kg for each antibiotic. The spiked sample was left for one hour at room temperature (for the optimal merge and distribution of antibiotic in the muscles) then subjected to the extraction procedures. Three replicates (n = 3) were used for the study and analyzed during the same day. Recovery ratio was calculated according to the EU directive No. 2002/657/EC \[[@bib0085]\] using the following equation:$$\text{Recovery}(\%) = \left( \frac{\text{Measured}\,\text{content}}{\text{Fortification}\,\text{level}} \right) \times 100$$

Precision was estimated by calculating the relative standard deviation percent (RSD%) for each drug recovery replicates. Quantification limits of antibiotics in fish flesh were estimated as 10 times the signal-to-noise ratio. Linearity was determined from matrix-matched calibrations created from five different concentrations.

2.6. Stability evaluation for SAs and TCs in frozen and cooked fish {#sec0040}
-------------------------------------------------------------------

Fresh samples of big sized Tilapia fish (1 kg) were used in this study. Where a number of cohesive slices were separated from the fish samples with an average weight of 50−100 grams. Each slice was accurately weighed and injected with a proper amount of antibiotics standard solution to acquire a final concentration of 1 mg/kg. The injected slices were left for one hour, at room temperature, for the optimal antibiotics distribution and merge within the fish tissue. For the freezing treatment, samples were kept in polyethylene bag and stored in a deep freezer set at −18 °C for one week. For the frying and grilling processes, the fish samples were exposed to the two processes until the well done; frying in corn oil at 190 °C for 7 min and grilling on a metal baking tray at 180 °C for 10 min. Each treatment was done in 3 replicates (n = 3). Following the 3 treatments (freezing, frying and grilling), samples were directly subjected to the antibiotic extraction process before quantitative analysis.

2.7. Risk assessment for the exposure to SAs and TCs in fish {#sec0045}
------------------------------------------------------------

### 2.7.1. Exposure assessment {#sec0050}

Exposure assessment was built on the mean detected concentrations of antibiotics in Tilapia fish. As well, the estimated daily intake (EDI, μg) of SAS and TCs from fish consumption was calculated as follows:$$EDI = \frac{Cf \times Occ}{BW}$$Where: $Cf$ is the daily fish consumption for the Egyptian population (g/person), $Occ$ is the occurrence of antibiotic in fish muscles expressed as (ng contamination mean/g fish) and $BW$ is the mean body weight for an adult consumer (70 kg). The daily consumption from aqua-cultured Tilapia fish for the Egyptian population (55.23 g/day) was considered from the reported data by Wally \[[@bib0090]\]. The daily consumption from other food items, where SAs and TCs might be found, are: cattle meat (29.89 g), poultry meat (29.31 g), fresh milk (180 g), eggs (19.8 g) and other fish kinds (42.65 g) \[[@bib0090]\]**, \[**the database of **CAPMAS** (Central Agency for Public Mobilization and Statistics: [www.capmas.gov.eg](http://www.capmas.gov.eg){#intr0005})**\]**.

### 2.7.2. Risk characterization {#sec0055}

The assigned maximum residue limits (MRLs) for SAs and TCs in fish muscles are 100 μg/kg for every single antibiotic according to the European Union \[[@bib0095]\]. Also, the MRLs for SAs and TCs in other food items (cattle meat, poultry meat, fresh milk and eggs), where they might be found, are 100 μg/kg except for TCs in eggs which is 200 μg/kg \[[@bib0095]\]. The acceptable daily intake (ADI, μg/kg bw/day) for SAs and TCs are respectively 3 and 5 (μg/kg bw/day) according to JECFA \[[@bib0100]\]. The risk characterization was performed following the new approaches assigned by Goumenou & Tsatsakis \[[@bib0105]\] for single chemicals and for chemical mixtures. These new parameters were the source related Hazard Quotient (HQ~S~) and Hazard Index (HI~S~) and the adversity specific Hazard Index (HI~A~).

**HQ~S~** was calculated according to the following equation:$$\text{HQs} = \frac{EXP\, aggregated}{ADI}$$$$EXP\, aggregated = \frac{EXP\,\text{from}\,\text{spscific}\,\text{food}\,\text{item}}{\text{Correction}\,\text{factor}(CF)}\,$$$$CF = \frac{\left( {\text{Consumption}\,\text{of}\,\text{specific}\,\text{food}\,\, \times \,\,\text{MRL}\,\text{in}\,\text{the}\,\text{specific}\,\text{food}} \right)}{\sum\limits_{\text{i}}^{\text{n}}\left( {\text{Consumption}\,\text{of}\,\text{food}\,\text{i}\, \times \,\,\text{MRL}\,\text{in}\,\text{the}\,\text{food\ i}} \right)}$$Where: ***n*** refers to the number of food items where SAs and TCs might be found. The calculated *CF* value for each of SMT, SMX, SDM was 0.1796, while it was 0.1688 for each of TC, OTC and CTC. Where the numerator of the equation refers to the consumed amount from Tilapia fish multiply the MRL, while the denominator represents the SUM of the calculated values for the other 5 food items representing the whole diet (previously mentioned in the exposure assessment section). Regarding the risk characterization for a mixture of ***n*** chemicals (3 SAs and 3 TCs) in a specific food item (fish), the source related **HI~S~** was calculated as follows:$$\text{HIs} = \sum\limits_{\text{i}}^{\text{n}}{\left( {HQs} \right)i}$$Where, ***n*** is the number of chemicals in the mixture.

**HI~A~** was calculated as follows:$$\text{H}\text{I}_{\text{A}} = \sum\limits_{\text{i}}^{\text{n}}{\text{HQi} =}\sum\limits_{\text{i}}^{\text{n}}\frac{\text{EXPi}}{\text{ADIi}}$$Where, we considered the sum of the 3 SAs and the sum of 3 TCs because each group members have the same mode of action.

2.8. Statistical analysis {#sec0060}
-------------------------

Microsoft Office Excel (Microsoft Office 2010) was used for the calculation of the result averages, standard deviations and relative standard deviations as well as to generate the linear regressions.

3. Results and discussion {#sec0065}
=========================

3.1. Method quality assessment {#sec0070}
------------------------------

Data of [Table 1](#tbl0005){ref-type="table"} showed parameters of the in-house method validation. A linear correlation for the antibiotic concentrations against the peak area with high precision was observed when calibration lines were generated using five concentrations in the range of 20--500 (ppb). Wherein the obtained correlation coefficient (r^2^) values located between 0.9941 and 0.9998.Table 1Evaluation parameters for SAs and TCs analytical method.Table 1AntibioticsRegression equationCorrelation coefficients (r^2^)QL[\*](#tblfn0005){ref-type="table-fn"}(μg/kg fish)Recovery (%) ± SDRSD[\*\*](#tblfn0010){ref-type="table-fn"}(%)SAsSMTy = 1.8498x - 68.5560.999815.0073.96 ± 3.344.50SMXy = 3.7175x - 678.880.999610.0072.66 ± 2.223.06SDMy = 4.1088x - 1697.60.998907.0075.22 ± 4.115.46TCsOTCy = 1.7151x - 384.280.994113.5088.70 ± 2.492.81TCy = 2.0014x - 636.770.996315.0080.89 ± 2.653.28CTCy = 1.483x - 646.940.997826.0083.86 ± 3.714.43[^1][^2]

As well, limits of quantifications (LOQ) for SAs, by the adopted HPLC-DAD, located in range of 07--15 (μg/kg). While the sensitivity of HPLC-DAD against TCs was lower than SAs, where the LOQ of TCs located between 13.50 and 26 (μg/kg). These results were in agreement with Furusawa \[[@bib0110]\], Yu et al. \[[@bib0115]\], Chung et al. \[[@bib0120]\] and Nunes et al. \[[@bib0125]\] who reported LOQ values for SAs ranged from 05 to 22.9 ppb. While the LOQ of Yu et al. \[[@bib0115]\], Abou-Raya et al. \[[@bib0130]\] and Tölgyesi et al. \[[@bib0135]\] methods ranged between 10 and 34 ppb for TCs. Generally, the presented method showed a high sensitivity that can enable the determination of lower quantities of antibiotics than the MRLs recommended in the EU directive No. 37/2010/EC \[[@bib0095]\], which equivalent to 100 μg/kg for SAs and TCs.

Additionally, recoveries of the adopted multi-residue method of extraction for SAs and TCs, at concentrations equals the MRLs values, located in the averages of 72.66--75.22(%) and 80.89--88.70(%), respectively. Notably, extraction recoveries of TCs were markedly higher than those of SAs using the adopted multi-extraction method. Specifically, the recovery ratios for SMT, SMX, SDM, TC, OTC and CTC were 73.96, 72.66, 75.22, 88.70, 78.22 and 81.19 (%), respectively. Our results of SAs recoveries were higher than those of Pleasance et al. \[[@bib0070]\] who extracted SAs from salmon flesh using liquid extraction by acetone, however the resulted recovery ratios were poor (∼60 %). The usage of Oasis SPE (HLB) following the liquid extraction, in our investigation, represented higher recoveries than those of Pleasance et al. \[[@bib0070]\]. Besides, our results of TCs recoveries were in agreement with Shalaby et al. \[[@bib0140]\] and Nguyen et al. \[[@bib0145]\] who extracted TCs using citrate buffer solution (pH 4.0) followed by a cleanup using Oasis SPE (HLB) cartridges and scored recovery average of 79.89--94.85(%). Whilst, higher recoveries were scored by Evaggelopoulou and Samanidou \[[@bib0075]\], when followed the same extraction procedures, being 95.7 %, 95.5 % and 97.3 % for OTC, TC and CTC, respectively. These differences in the recovery rates from different studies could be attributed to the different extraction methods that used by those studies. Some methods used the solvent extraction and others used the buffer extraction followed by a clean-up using SPE for the determination of either SAs or TCs. However, the present study used a combination of both the solvent and the buffer methods for better recoveries and as a multi-residue extraction purpose for both SAs and TCs.

Basically, the multi-residue method of the present investigation represents recovery values higher than the minimum ratios recommended by the EU in the directive No. 2002/657/EC \[[@bib0085]\] concerns the validation criteria of recovery test. Moreover, precision values (RSD%) of the calculated recoveries did not exceed 5.46 %, which comply EU recommendations and below 10 % as the maximum acceptable ratio for RSD% of biological samples \[[@bib0145]\].

3.2. Occurrence of SAs and TCs residuals in fish {#sec0075}
------------------------------------------------

Data of [Table 2](#tbl0010){ref-type="table"} showed that there was a low SAs incidence in the samples of the 4 governorates. Where, the samples of Alexandria governorate were completely free of SAs. While only one sample from Al-Shuruq zone (Cairo governorate) and 2 samples from Al-Dokki zone (Giza governorate) contained SMT with averages of 32.89 and 44.72 (μg/kg), respectively. As well, only 2 samples from Etsa zone (El-Fayoum governorate) contained both SMX and SDM with concentrations average of 52.41 and 136.43 (μg/kg) respectively. Meanwhile, in another Egyptian study by Rezk et al. \[[@bib0150]\], SDM was not detected in fish farms at Kafr El-Sheikh, Sharkia, El-Behera, El-Fayoum and Giza governorates. Additionally, Guidi et al. \[[@bib0155]\] did not detect any molecule from SAs in 193 samples of Nile Tilapia fish in Brazil.Table 2Occurrence of SAs and TCs residuals in fish samples.Table 2GovernoratesSampling zoneMean residue (μg/kg)SMTSMXSDMOTCTCCTCAlexandriaAl-Ajami\<d.l.[\*](#tblfn0015){ref-type="table-fn"}\<d.l.\<d.l.209.94\<d.l.\<d.l.Al-Manshieh\<d.l.\<d.l.\<d.l.\<d.l.\<d.l.\<d.l.Abu-Qir\<d.l.\<d.l.\<d.l.70.08\<d.l.\<d.l.CairoHelwan\<d.l.\<d.l.\<d.l.\<d.l.\<d.l.\<d.l.Al-Maadi\<d.l.\<d.l.\<d.l.\<d.l.\<d.l.48.45Al-Shuruq32.89\<d.l.\<d.l.52.78\<d.l.35.89GizaAl-Dokki44.72\<d.l.\<d.l.\<d.l.\<d.l.79.36Al-Omraniyah\<d.l.\<d.l.\<d.l.151.76\<d.l.\<d.l.Atfih\<d.l.\<d.l.\<d.l.658.5296.70109.76El-FayoumEtsa\<d.l.52.41136.43\<d.l.\<d.l.\<d.l.Ibshway\<d.l.\<d.l.\<d.l.522.1468.87\<d.l.Sinnures\<d.l.\<d.l.\<d.l.88.86\<d.l.\<d.l.MRL (μg/kg)[\*\*](#tblfn0020){ref-type="table-fn"}100100100100100100[^3][^4]

TCs showed a frequent incidence as compared to SAs, and OTC was the most detected compound. OTC\'s positive samples from Cairo and Alexandria Governorates located within the permissible limits for TCs (100 μg/kg) except for one sample from Al-Agami site which increased the concentration average of Al-Agami samples to be 209.94 μg/kg. Giza and El-Fayoum Governorates had several positive samples for OTC with high concentrations. These elevated concentrations equal 1.5--6 times the MRLs values (100 μg/kg) being 151.76, 522.14 and 658.52 (μg/kg) respectively for Al-Omraniyah, Ibshway and Atfih sites. These results were in agreement with Monteiro et al. \[[@bib0060]\] who found that OTC was the most detected antibiotic in Brazilian Tilapia samples with a concentration range of 10--1.379 mg/kg, which were above the MRLs set by the EU regulation. The high detected concentrations of OTC, in the present investigation, should be taken into considerations, because it could pose a health hazard to people who consume a big amount of fish from those sites. Those samples of Giza and El-Fayoum Governorates with high OTC concentrations above the MRL could have been collected shortly following the application of OTC to control the bacterial diseases in fish \[[@bib0160]\]. Additionally, in a few cases, the fish samples could contain elevated levels of antibiotics because of the addition of antibiotic-containing materials, such as chicken manure, to aquaculture to increase the plankton \[[@bib0030]\].

On the other hand, Sinnures site from El-Fayoum Governorate showed positive samples for OTC however with a concentration range within the accepted limits. CTC was frequently detected, following OTC, in samples of Al-Maadi, Al-Shuruq, Al-Dokki and Atfih with concentration means of 48.45, 35.89, 79.36 and 109.76 (μg/kg), respectively. These above results were in accordance with Cháfer-Pericás et al. \[[@bib0165]\]; Cháfer-Pericás et al. \[[@bib0170]\] and Barman et al. \[[@bib0175]\] who detected OTC in Tilapia fish samples, however with concentrations below the MRL. Meanwhile, Guidi et al. \[[@bib0155]\] did not detect any molecule from TCs in 193 Nile Tilapia samples in Brazil. Besides, Guidi et al. \[[@bib0180]\] did not found TCs in 26 Tilapia samples, when they screened 14 antibiotics (from quinolones and TCs).

It can be concluded from the results that 56.3 % (27 out of 48) of the samples were free of SAs and TCs, while 10.4 % (5 samples) of the samples were contaminated by SAs and 33.3 % (16 samples) were contaminated by TCs ([Fig. 1](#fig0005){ref-type="fig"}. a.). Nine samples (42.9 %) out of the 21 positive samples had a multi content of more than one molecule from either SAs or TCs or from both families \[1 sample from Al-Shuruq site and 2 samples from Al-Dokki site contained SAs + TCs\] ([Table 2](#tbl0010){ref-type="table"} and [Fig. 1](#fig0005){ref-type="fig"}. b.). Notably, 7 samples (33.3 %) out of the 21 positive samples exceeded the permissible limits ([Fig. 1](#fig0005){ref-type="fig"}. c.). Particularly, 6 OTC containing samples plus one SDM containing sample had concentrations above the MRLs.Fig. 1Incidence of SAs and TCs in Tilapia samples.Fig. 1

3.3. Thermal stability of SAs and TCs residuals in fish {#sec0080}
-------------------------------------------------------

For the thermal stability of SAs and TCs under investigation, it was found that storing the fish samples frozen at −18 °C for one week had no significant effect on the stability of both SAs and TCs ([Fig. 2](#fig0010){ref-type="fig"}. a.). The determined concentrations were between 99.23 and 99.71 (%) of the initial concentrations. These results were in agreement with Papapanagiotou et al. \[[@bib0185]\]; Gratacós-Cubarsí et al. \[[@bib0190]\]; Liman et al. \[[@bib0195]\]; Vivienne et al. \[[@bib0200]\]; Fahim et al. \[[@bib0205]\] who reported no significant reductions in SAs and TCs residues in meat and fish tissues preserved under freezing.Fig. 2Stability of SAs and TCs through; a) freezing, b) grilling and c) frying processes.Fig. 2

Grilling fish for 10 min at 180 °C had slightly affected SAs and moderately affected TCs ([Fig. 2](#fig0010){ref-type="fig"}. b.). Specifically, the grilling process had reduced the initial concentration of SMT, SMX and SDM by 8.30, 19.65 and 8.50 (%). On the other hand, TCs were more affected by the grilling, as the degraded ratios were 64.11, 45.81 and 40.40 (%) respectively for OTC, TC and CTC. Our results were far from those of Furusawa and Hanabusa \[[@bib0210]\] who reported that the residues of SAs, including SMX, in the chicken muscle cooked to well done, by roasting at 170 °C for 12, were reduced by 30--40 %. However, our reduction ratios in OTC, TC and CTC levels were comparable to those obtained by Abou-Raya et al. \[[@bib0130]\] who reported degradation ratios of 72.1, 46 and 32 (%), respectively when roasted chicken meat until well-done (180 °C for 40 min). Vivienne et al. \[[@bib0200]\] roasted the birds meat containing OTC at 200 °C for 30 min and the obtained degradation ratio was 88.79 %.

Similarly, SAs were more stable than TCs against the thermal effect of deep-frying in oil for 7 min at 190 °C. The reduction ratios of SAs ranged from 4.42 % to 10.30 % ([Fig. 2](#fig0010){ref-type="fig"}. c.). While, TCs had been degraded by an average of 13.22--49.12 (%). Our results were not in agreement of Ismail-Fitry et al. \[[@bib0215]\] who reported more reduction ratios for SMT and SMX when fried chicken balls at 180 °C for 6 min being 65.89 and 58.35 (%), respectively. Also, Xu et al. \[[@bib0220]\] reported that frying fish at 190 °C for 7−10 min caused 46.1 % reduction in SDM. Meanwhile, our degradation ratios in TCs were close to those of Kitts et al. \[[@bib0225]\] and Nguyen et al. \[[@bib0230]\] who recorded degradation ratios of 57 ± 3, 46.04 and 65.74 (%) for OTC, TC and CTC as a result of the deep-frying for salmon fish and meat.

The shape and thickness of the sample have a profound influence on heat penetration and distribution, and consequently on the degradation of antibiotic residues. This could clarify the variation between studies in the results of antibiotic degradation. Briefly, it was worthy to mention that the sequence of reduction for SAs and TCs for the studied treatments was grilling \> frying \> freezing. Also, the stability of SAs and TCs antibiotics was arranged in a descending other, shown as follows: SMT \> SDM \> SMX \> CTC \> TC \> OTC. Luckily, even though OTC was the most detected antibiotic and with elevated levels, however, it was most degraded when exposed to the thermal processing.

3.4. Safety assessment of exposure to SAs and TCs {#sec0085}
-------------------------------------------------

The classic methods of risk characterization were dealing with the potential toxicity of a single stressor; however, this is not corresponding to the real-life exposure scenarios. Because, daily, the human body exposes to mixtures of stressors from various sources. The combination of stressors, e.g. toxic chemicals, can mostly cause a synergistic effect to their adverse action which allows less amount of each compound to cause damage comparing to the calculated amount when examining the toxicity of each compound in isolation \[[@bib0235]\]. So that, the present study evaluated the potential risk based on the aggregate exposure to the detected concentrations of SAs and TCs in raw and cooked Tilapia fish according to Goumenou & Tsatsakis \[[@bib0100]\]. Data of [Table 3](#tbl0015){ref-type="table"} showed the calculated HQ~S~ values depending on the aggregate exposure to SAs and TCs through Tilapia fish and other food items where SAs and TCs might be found. These HQ~S~ values ranged from 0.031 (for SMT in grilled fish) to 0.391 (for OTC in raw fish). The Hazard Index (HI~S~) for SAs mixture and TCs mixture in raw, fried and grilled fish were (0.200 and 0.626), (0.184 and 0.366) and (0.177 and 0.274), respectively. Additionally, HI~A~ values, which evaluate the adverse effect for the groups with the same target or mode of action, ranged between 0.032 (for SAs group in grilled fish) and 0.106 (for TCs group in raw fish).Table 3Hazard characterization according to the aggregate exposure to SAs and TCs.Table 3AntibioticsMean detected conc. (μg/kg)EDI[\*](#tblfn0025){ref-type="table-fn"} (μg)EXP aggregated (μg)ADI[\*\*](#tblfn0030){ref-type="table-fn"}(μg)HQ~S~HI~S~HI~A~Raw fishFried fishGrilled fishRaw fishFried fishGrilled fishRaw fishFried fishGrilled fishRaw fishFried fishGrilled fishRaw fishFried fishGrilled fish**SMT**38.812.142.051.9511.1610.6710.173500.0340.0330.0310.2000.1840.1770.0360.0330.032**SMX**52.412.892.602.3315.0813.5212.113500.0460.0410.037**SDM**136.437.546.956.8239.2536.1835.523500.1200.1100.108**OTC**250.5813.847.044.9782.0141.7329.432100.3910.1990.1400.6260.3660.2740.1060.0620.046**TC**82.794.572.642.4827.1015.6314.682100.1290.0740.070**CTC**68.373.783.282.2522.3819.4213.342100.1070.0920.064[^5][^6]

Eventually, all the measured values of HQ~S~, HI~S~ and HI~A~ in raw, fried and grilled fish were \<1 for all individual or grouped antibiotics indicating no risk for the Egyptian population from SAs and TCs was found through fish consumption.

4. Conclusion {#sec0090}
=============

The results concluded that 56.3 % of fish samples (out of examined 48 samples) were free of SAs and TCs, while the contaminated samples by SAs and TCs posed 10.4 % and 33.3 %, respectively. Only 7 samples had residual levels exceeded the permissible limits. The study revealed that storing the fish samples frozen at −18 °C for one week showed no significant effect on the stability of both SAs and TCs. The descending order for the stability of SAs and TCs was shown as SMT \> SDM \> SMX \> CTC \> TC \> OTC. Additionally, the study proved that no potential risk to public health was found from the consumption of either the cooked or non-cooked fish samples with the detected concentrations of SAs and TCs. However, it is highly recommended to consume the well done cooked fish instead of raw or semi-cooked fish. The study showed that there was no enough compliance from the Egyptian Tilapia fish producers to the international legislations for permitted concentrations of SAs and TCs antibiotics in fish. Therefore, fish producers should take into their consideration the antibiotics withdrawal period before fish marketing. Also, it is highly recommended to enhance the immunity of fish by reducing the stress originated from: over-fertilizing the water greatly increases the amount of algae, which consequently reduces the amount of oxygen in water; over-feeding which leads to the choking and pollution; and the high density of fish in ponds.
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[^1]: QL: Quantification limit.

[^2]: RSD: Relative standard deviation.

[^3]: \<d.l.: below the detection limit.

[^4]: MRL: Maximum residue limits \[[@bib0095]\].

[^5]: EDI: Estimated daily intake.

[^6]: ADI: Acceptable daily intake for a 70 kg adult person per day \[[@bib0100]\].
